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LABORATORY SCIENCES
Patterns of Distribution of Oxygen-Binding Globins,
Neuroglobin and Cytoglobin in Human Retina
Jelena Ostojic´, DVM, PhD; Sinisˇa D. Grozdanic´, DVM, PhD; Nasreen A. Syed, MD;
Mark S. Hargrove, PhD; James T. Trent III, PhD; Markus H. Kuehn, PhD; Young H. Kwon, MD, PhD;
Randy H. Kardon, MD, PhD; Donald S. Sakaguchi, PhD
Objective: To determine the distribution of 2 intracel-
lular oxygen-carryingmolecules, neuroglobin (NGB) and
cytoglobin (CYGB), in specific retinal cell types of hu-
man retinas.
Methods: Specific antibodies against NGB and CYGB
were used in immunohistochemical studies to examine
their distribution patterns in human retinal sections.
Double-labeling studies were performed with the anti-
NGB and anti-CYGB antibodies along with antibodies
against neuronal (microtubule-associated protein 2, class
III -tubulin [TUJ1], protein kinase C alpha, calretinin)
and glial (vimentin, glial fibrillary acid protein) mark-
ers. Confocal microscopy was used to examine the reti-
nal sections.
Results: Immunohistochemical analysis of human reti-
nal tissue showed NGB and CYGB immunoreactivity in
the ganglion cell layer, inner nuclear layer, inner and outer
plexiform layers, and retinal pigment epithelium. Neu-
roglobin immunoreactivity was also present in the outer
nuclear layer and photoreceptor inner segments. Neu-
roglobin and CYGB were coexpressed in the neurons in
the ganglion cell layer and inner nuclear layer but not
within glial cells.
Conclusion: Neuroglobin and CYGB are colocalized
within human retinal neurons and retinal pigment epi-
thelium but not within glial cells.
Clinical Relevance: Our results suggest that NGB and
CYGBmay serve a neuroprotective role as scavengers of
reactive oxygen species and therefore should be consid-
ered when developing therapeutic strategies for treat-
ment of hypoxia-related ocular diseases.
Arch Ophthalmol. 2008;126(11):1530-1536
G LOBINS ARE AN IMPOR-tant family of smallglobularproteins contain-ing a heme prostheticgroup (ironprotoporphy-
rin IX), by which they can reversibly bind
gaseous ligands, such as oxygen, nitric ox-
ide, and carbon monoxide.1 Thus
far, 4 mammalian globins have been de-
scribed, hemoglobin, myoglobin, neuro-
globin (NGB), and cytoglobin (CYGB),
NGB and CYGB having been discovered
most recently.2-4
Neuroglobin and CYGB may have sig-
nificant roles in neuroprotection. For ex-
ample, NGB was found to be neuropro-
tective during acute neuronal hypoxia5,6;
increased levels of NGB were detected in
the cerebral cortex and serum after ische-
mia/reperfusion insults; andNGBwas de-
tected in the cerebrospinal fluid of pa-
tients with chronic pain.7 Cytoglobin, also
known as liver fibrogenesis-related
marker,8,9 is a novel candidate tumor sup-
pressor gene in upper aerodigestive tract
squamous cancer.10 In addition, studies of
overexpressed NGB and CYGB have dem-
onstrated increased cytoprotection and
survival of islets of Langerhans after trans-
plantation11,12 and protection of human
neuroblastoma cells against oxidative
stress-induced cell death.13
Recent reports have demonstrated the
presence of NGB in human, dog, mouse,
rat, guinea pig, chicken, and zebra fish
eye14-21 and the presence of CYGB in dog,
mouse, and rat retinas.15,17,18 To our knowl-
edge, this is the first detailed report to de-
scribe NGB and CYGB distribution in hu-
man retina using immunohistochemical
methods. Characterization of their expres-
sion patterns is essential for a better un-
derstanding of oxygen homeostasis in
healthy and disease-affected eyes andmay
be useful in developing strategies to pre-
vent neuronal death due to retinal ische-
mic diseases.
METHODS
HUMAN TISSUE
Archived eyes from 7 subjects (aged 1.5, 6, and
9 months and 6, 47, 58, and 60 years) were re-
trieved from the archives of the F. C. Blodi Eye
Pathology Laboratory at theUniversity of Iowa.
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Specimens were obtained either at the time of autopsy or as part
of an exenteration procedure for an orbital neoplasm and were
noted to be histologically normal for age. Globes were fixed in
10% formalin for a minimum of 48 hours immediately after
tissueprocurementandthentransferredtoanethanol-formaldehyde
mixture(Pen-Fix;RichardAllanScientific,Kalamazoo,Michigan),
paraffin embedded, and sectioned at 4 µm. To investigate if NGB
andCYGBlocalizationpatternsdiffered inearlypostnatal vsadult
retinas, theexperimenterwasmasked fromtheageof the subjects
when analyzing the retinal tissue.
Two adult human donor eyes (ages 47 and 88 years)were ob-
tained from the Iowa Lions Eye Bank (IowaCity) within 4 hours
postmortem. Subjects had no visual problems and cause of death
was reported to be cardiopulmonary arrest and gastrointestinal
bleeding, respectively. Eyeswere fixed for 3 hours in freshly pre-
pared 4% paraformaldehyde in phosphate-buffered saline. Tis-
suewas infiltratedwith increasing concentrations of sucrose, fro-
zen inoptimal cutting temperaturemedium(SakuraFinetekUSA,
Inc, Torrance, California), and sectioned at 7 µm.
Tissue collection adhered to the tenets of the Declaration of
Helsinki and was also approved by the University of Iowa and
Veterans Administration human subjects review committees.
FLUORESCENT IMMUNOHISTOCHEMISTRY
Human recombinant NGB and CYGB proteins were synthesized
andpolyclonal antisera against the full-lengthNGBorCYGBwere
generated and affinity purified as described previously.4,22 Im-
munohistochemical procedureswere carriedout as previously de-
scribed.15 Briefly, sections were incubated for 2 hours in block-
ing solution that contained 2%blocking serum corresponding to
the species in which the secondary antibody (Ab) was produced
(normal donkey serum; Jackson ImmunoResearch,West Grove,
Pennsylvania, or normal goat serum; Sigma, St Louis, Missouri),
1%bovine serumalbumin (Sigma), and0.4%TritonX-100 (Fisher
Scientific Inc, Fairlawn, New Jersey). Sections were double la-
beled with a primary Ab cocktail during overnight incubation at
room temperature in a sealed humid chamber. Primary Abs used
in this study are summarized in eTable 1 (http://archophthalmol
.com). Secondary Ab cocktails applied to slides were donkey an-
timousebiotinylatedAb(JacksonImmunoResearch)andgoatan-
tirabbit Alexa 488 Ab (Molecular Probes, Eugene, Oregon); goat
antirabbitbiotinylatedAb(VectorLaboratories,Burlingame,Cali-
fornia)andgoatantimouseAlexa488Ab(MolecularProbes);goat
antimouseCy5Ab(Jackson ImmunoResearch)andgoat antirab-
bit Alexa 488Ab (Molecular Probes); and goat antirabbit Cy5Ab
(Jackson ImmunoResearch) and goat antimouse Alexa 488 Ab
(Molecular Probes). All primary and secondary Abs were di-
luted in potassiumphosphate–buffered salinewith 1%bovine se-
rum albumin, 2% blocking serum, and 0.4% Triton X-100. All
secondary Abs directly conjugated to a fluorochrome were used
at a 1:200 dilution, and all biotinylated secondary Abswere used
at a 1:500 dilution. Streptavidin Cy3 was diluted in potassium
phosphate–buffered saline to1:10000.Negative controlswere car-
ried out in parallel during all processing by the omission of the
primary or secondary Abs. Antibody specificity was verified by
preadsorbing eachwith their respective recombinant proteins be-
fore incubation on tissue sections, inwhich case no specific stain-
ing was observed (eFigure 1).
ANALYSIS OF TISSUE SECTIONS
Antibody-labeled tissue sectionswere visualized and imageswere
captured using a Leica confocal scanning laser microscope
(TCS-NT; Leica Microsystems Inc, Exton, Pennsylvania).
To discriminate Ab labeling from autofluorescence in the
human retinal pigment epithelium,23,24 confocal images of tis-
sue single labeled with primary Ab and appropriate Cy5 con-
jugated secondary Ab were captured at both the 488/525 nm
and 633/645 nm excitation/emissionwavelength channels. Cy5
is excited at 633 nm, and thus, the signal from the 488/525 nm
channel was considered to be autofluorescence (background).
Figures were made by subtracting images captured at the 488/
525 nm channel (background) from images captured at the 633/
645 nm channel (signal and background). As an additional con-
trol, autofluorescencewas examined innonlabeled tissue sections
and images were also captured at both channels. Subtracted im-
ages prepared from these control images confirmed that inten-
sity of autofluorescence was similar at both channels. All fig-
ures were prepared using Photoshop (version 7.0; Adobe, San
Jose, California) and Freehand (version 10.0; Macromedia, San
Francisco, California).
WESTERN BLOT ANALYSIS
Characterization of antigens was performed using sodium do-
decyl sulfate–polyacrylamide gel electrophoresis and immuno-
blotting procedures that have beendescribedpreviously.15 Briefly,
for detection of NGB in human retinal samples, approximately
0.09 µg of human recombinant NGB and 300 µg of total human
retinal proteinwere separated in 14% gels. After electrophoresis,
proteinswere renatured for 1hour by incubating the gel in 50mM
TRISbuffer, pH7.4, containing20%glycerol.25 Proteinswere then
transferred to a polyvinylidene difluoride membrane in native
transfer buffer and incubated inblockingbuffer for 1hour at room
temperature and overnight in rabbit polyclonal anti-NGB Ab (1:
1000). Subsequently, an alkaline phosphatase–conjugated goat
antirabbit Ab (Promega,Madison,Wisconsin)was used at 1:7500
dilution.Lumi-PhosWBChemiluminescent Substrate (PierceBio-
technology, Inc, Rockford, Illinois) was used to visualize immu-
nolabeledbands. FordetectionofCYGB inhuman retinal samples,
approximately 0.06 µg of human recombinant CYGB and 50 µg
of total human retinal protein were separated in 14% gels. After
electrophoresis, proteinswere transferred to a polyvinylidene dif-
luoride membrane in transfer buffer and incubated in blocking
buffer for 1 hour at room temperature. The membrane was then
incubated in rabbit polyclonal anti-CYGBAb (1:1000), followed
by incubation in alkaline phosphatase–conjugated goat antirab-
bit Ab (Promega). Immunoreactive (IR) bands were visualized
with 5-bromo-4-chloro-3-indolylphosphate/nitroblue tetra-
zolium alkaline phosphatase color development reagents (Pro-
A Anti-NGB pAb
kDa NGB∗ Retina
42 –
29 –
26 –
15 –
B Anti-CYGB pAb
kDa CYGB† Retina
42 –
29 –
26 –
15 –
Figure 1. Western blot analysis of neuroglobin (NGB) and cytoglobin (CYGB)
expression in human retina. A, Rabbit anti-NGB polyclonal antibody (pAb)
detected recombinant NGB protein at approximately 17 kDa (left lane) and a
similar band (right lane) in the protein extract from human retina. B, Rabbit
anti-CYGB pAb detected specific recombinant CYGB protein at approximately
21 kDa (left lane) and CYGB in human retina (right lane) at approximately
26 kDa. The molecular weight markers are illustrated on the left side. Source
of the protein: *22; †.4
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mega). Molecular weights were estimated by comparison with
prestained molecular weight standards (Sigma).
RESULTS
IMMUNOBLOT ANALYSIS OF NGB AND CYGB
IN HUMAN RETINA
Rabbit anti-NGB Ab detected recombinant NGB protein
at approximately 17 kDa (left lane) and a similar band
(right lane) in the protein extract from human retina
(Figure 1A). Rabbit anti-CYGB Ab detected recombi-
nant CYGB protein at approximately 21 kDa (left lane)
and an approximately 26-kDa protein (right lane) from
the human retinal extract (Figure 1B).
LOCALIZATION OF NGB AND CYGB IN HUMAN
RETINA AND RETINAL PIGMENT EPITHELIUM
To examine the localization of NGB in human retinal sec-
tions, we used mouse monoclonal and rabbit polyclonal
Abs generated against full-lengthhuman recombinantNGB
protein and applied them on the whole retina. Both Abs
showed identical patterns of labeling and were used for
double-labeling studies. To illustrate patterns of IR ofNGB
and CYGB, we imaged similar parts of the retina. We did
not observe any differences in patterns of IR of both NGB
and CYGB in central vs peripheral retina. As illustrated in
Figure 2A and B, NGB-IR in the retina was localized to
the nerve fiber layer, ganglion cell layer, inner and outer
nuclear layers, inner and outer plexiform layers, and pho-
toreceptor inner segments. Cytoglobin IR was deter-
mined using a rabbit Ab generated against human recom-
binant CYGB protein. Cytoglobin IR was localized to the
nerve fiber layer, ganglion cell layer, inner nuclear layer,
and inner and outer plexiform layers (Figure 2C). Immu-
noreactivity for both NGB and CYGBwas also detected in
the retinal pigment epithelium, as shown in eFigure 2. In
addition, no differences were observed in the labeling pat-
terns of NGB or CYGB in the retinas that could be attrib-
uted to the age of the subjects. However, some variability
in the labeling patterns of NGB or CYGB in the retinas
may be attributed to the quality and slight differences in
timing of preparation of the human retinal specimens.
eTable 2 summarizes the regional distribution of NGB
and CYGB in human retina.
To determine if the cells’ IR with the anti-NGB and
anti-CYGB Abs were neurons, double labeling was per-
formed with anti–microtubule-associated protein 2
(MAP-2) and TUJ1 antibodies. All cells in the ganglion
cell layer and inner nuclear layer that wereMAP-2 or class
III -tubulin (TUJ1) IR were also NGB- or CYGB-IR
(Figure 3), thus confirming their neuronal identities.
However, MAP-2 and TUJ1 are not ubiquitously ex-
pressed inmammalian retinal neurons. Therefore,wewere
not able to explicitly demonstrate that all NGB- and
CYGB-IR cells are neurons.
To further investigatewhichcell typesexpressNGBand
CYGBwithin the inner nuclear layer, double labelingwas
performed with anti–protein kinase C alpha Ab. As illus-
trated inFigure4,ONbipolar cell bodies containingpro-
tein kinase C alpha26 were found to colocalize with NGB-
andCYGB-IR.Furthermore, inaddition toONbipolarcells
expressingNGBandCYGB,weobservedNGB-andCYGB-
IROFFbipolar cells basedon their laminar position in the
inner nuclear layer. In addition, double labeling was per-
formedwithanti-NGBandanticalretinin, anamacrine cell
marker in adult human retina.27 Neuroglobin IR was ob-
served to colocalize with calretinin-IR amacrine cells
(eFigure 3). Moreover, we found that IR cells in the gan-
glion cell layer and the inner nuclear layerwere double la-
beled forNGB(monoclonalAb)andCYGB(polyclonalAb)
(Figure5). Thus,NGB andCYGB are colocalized in reti-
nalneuronsbutnotphotoreceptors. It ispossible that some
subpopulationsofneuronsexpressonly1of the2proteins,
rather than having ubiquitous coexpression.
We investigated the possibility that NGB and CYGB
are expressed in retinal glial cells in double-labeling stud-
ies using anti–glial fibrillary acid protein (labels astro-
cytes and reactive Müller glia) and antivimentin (labels
astrocytes and Müller glia) Abs. We detected no colo-
calization of NGB or CYGB with glial fibrillary acid pro-
tein (data not shown) or vimentin Abs (Figure 6), thus
confirming previous studies.28
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Figure 2. Antineuroglobin (anti-NGB) and anticytoglobin (anti-CYGB) immunoreactivity in human retina. A and B, Mouse anti-NGB monoclonal antibody (mAb) (A)
and rabbit anti-NGB polyclonal antibody (pAb) (B) showed identical patterns of labeling in the retina. C, Pattern of immunoreactivity with rabbit anti-CYGB pAb.
Scale bar=25 µm. NFL indicates nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer;
ONL, outer nuclear layer; IS, photoreceptor inner segments, OS, photoreceptor outer segments.
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Figure 3. Neuroglobin (NGB) and cytoglobin (CYGB) colocalize with microtubule-associated protein 2 (MAP-2)– and class III -tubulin (TUJ1)–immunoreactive
(IR) cells in the ganglion cell layer (GCL) and inner nuclear layer (INL). Images were captured using confocal microscopy. A-L, Neuroglobin IR (A) and CYGB-IR
(D) (red) observed in ganglion cells and inner retinal neurons and MAP-2 labeling (green) (B and E). Merged images (C and F) confirmed neuronal localization of
NGB and CYGB. Neuroglobin IR (G) and CYGB-IR ( J) in the GCL and INL and TUJ1-IR (H and K) were found to colocalize in the merged images (I and L). White
arrows point to examples of putative retinal ganglion cells, asterisks indicate examples of INL neurons, and black arrows point to examples of amacrine cells. Cell
nuclei (blue) were labeled with DAPI (4,6-diamidino-2-phenylindole). Scale bars=10 µm. IPL indicates inner plexiform layer; NFL, nerve fiber layer; ONL, outer
nuclear layer; OPL, outer plexiform layer.
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COMMENT
Oxygen is essential for retinal function,29 but mecha-
nisms of oxygen homeostasis in this highly metaboli-
cally active tissue remain poorly understood. Thus, this
study aimed at investigating the presence and distribu-
tion patterns for NGB and CYGB, 2 oxygen-binding pro-
teins, in human retina. Detection of recombinant NGB
protein andNGB in the protein extract fromhuman retina
at approximately 17 kDa molecular weight is consistent
with the molecular weight of human NGB. Also, detec-
tion of recombinant CYGB protein at approximately
21 kDa molecular weight is consistent with the molecu-
lar weight of human CYGB. The difference in the mo-
lecular weight between human recombinant CYGB (ap-
proximately 21 kDa) and CYGB detected in the protein
extract from human retina (approximately 26 kDa) may
be the result of posttranslational modification of the pro-
tein. To our knowledge, this study is the first to care-
fully examine and demonstrate colocalization ofNGB and
CYGB in human ganglion, amacrine, and bipolar cells by
using double-labeling immunohistochemistry. The dis-
tribution of NGB and CYGB expression in human retina
is consistent with the distribution pattern already de-
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A NGB B C NGB/PKC αPKC α
OPL OPL OPL
D E FCYGB CYGB/PKC αPKC α
Figure 4. Neuroglobin (NGB) and cytoglobin (CYGB) colocalized with protein kinase C alpha (PKC ) immunoreactive (IR) cells in the inner nuclear layer (INL).
A-C, Neuroglobin IR (red) (A) and PKC –IR (green) (B) colocalized in bipolar cells as shown in the merged image (C). D-F, Cytoglobin IR (red) (D) and PKC –IR
(green) (E) colocalized in bipolar cells as shown in the merged image (F). White arrows point to examples of bipolar cells, and black arrows point to examples of
NGB- and CYGB-IR amacrine cells. Cell nuclei (blue) were labeled with DAPI (4,6-diamidino-2-phenylindole). Scale bars=10 µm. IPL indicates inner plexiform
layer; ONL, outer nuclear layer; OPL, outer plexiform layer.
INL
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Figure 5. Neuroglobin (NGB) and cytoglobin (CYGB) immunoreactivity (IR) colocalized within neurons. A-C, Retina double labeled with NGB (red) (A) and CYGB
(green) (B) displays colocalization of the proteins in the same neurons in the merged image (C). White arrows point to examples of presumptive retinal ganglion
cells, asterisks indicate examples of inner nuclear layer (INL) neurons, and black arrows point to examples of amacrine cells. Cell nuclei (blue) were labeled with
DAPI (4,6-diamidino-2-phenylindole). Scale bar=10 µm. IPL indicates inner plexiform layer; NFL, nerve fiber layer; ONL, outer nuclear layer; OPL, outer plexiform
layer; GCL, ganglion cell layer.
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scribed in other species (mice, rat, and dog).14,15,17,18 Un-
fortunately, little is known about NGB and CYGB dis-
tribution patterns in disease conditions of the eye. The
only study published so far that addressed that issue re-
ported increased NGB-IR in advanced human glaucoma
in photoreceptor inner segments and the plexiform lay-
ers as well as in the nuclear layers.16 The absence of NGB-
and CYGB-IR in glial cells, as well as the absence of
CYGB-IR in the photoreceptor inner segments, has po-
tentially important implications regarding the ability of
these cell types to handle reactive oxygen species in neu-
rodegenerative diseases of the retina.
StudiesbySunet al5,6,30 provided important insight into
thepossible roleofNGBin thepathologyof thecentralner-
voussystem.Neuroglobinexpressionwasincreasedbyneu-
ronalhypoxia invitro and focal cerebral ischemia invivo,5
andinductionofNGBanditsprotectiveeffectshowedspeci-
ficity forhypoxiaoverother stressors.5 Inaddition,changes
in NGB expression resulted in corresponding changes in
severity of histological and functional deficits after focal
cerebral ischemia.6 Furthermore, in NGB-overexpressing
transgenicmice, comparedwithwild-type littermates, the
volumeofcerebral infarcts afterocclusionof themiddlece-
rebral artery was reduced and the volume of myocardial
infarctsproducedbyocclusionof the left anteriordescend-
ingcoronaryarterywasreduced.31Finally,NGBwaspromi-
nently expressed in several areas of the brain that showed
preferentialvulnerabilitytoneurodegenerativediseases,and
NGBmessenger RNA and protein levels in these areas de-
creasedwithaging.30FewstudieshaveaddressedCYGBfunc-
tion invivo.A recent studydemonstrated thatCYGB isup-
regulated in mouse brain, heart, liver, and muscle on hy-
poxia32andproposedthatthemechanismofCYGBinduction
is regulatedbyhypoxia-inducible factor1.Another study
reportedsimilarresults:underachronichypoxiccondition,
theCYGBmessengerRNAlevelwasupregulatedinratheart
and liver.33 Furthermore, recent data have demonstrated
a significant increase in hypoxia-inducible factor 1  ex-
pression in glaucomatous human eyes.34
It has been proposed that NGB and CYGBmight have
roles in oxygen sensing and signal transduction35 and/or
free radical scavenging.36-38 Possible mechanisms of NGB
neuroprotection associated with oxygen-hypoxia sens-
ing and signal transduction have been reviewed.39 Fur-
thermore, disparities between NGB and CYGB re-
sponses to hypoxia also suggest that these 2 globins may
play divergent roles in the brain.40 The existence of oxy-
gen-bindingmolecules in retinal neuronsmay change the
current dogma about oxygenation and hypoxic injury of
the retina and optic nerve and is likely to facilitate the
development of novel strategies for the treatment of hy-
poxia-related ocular diseases. Furthermore, identifica-
tion of the functional properties of NGB and CYGB may
significantly advance our understanding of retinal free
radical scavenging in health and disease.
Submitted for Publication: September 15, 2007; final re-
vision received February 26, 2008; acceptedApril 8, 2008.
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Figure 6. Neuroglobin (NGB) and cytoglobin (CYGB) did not colocalize with vimentin-immunoreactive (IR) cells. Images were captured using confocal
microscopy. A-F, No colocalization of NGB (A) or CYGB (D) (red) with vimentin (green) (B and E) was detected on the merged images (C and F). Note also the
absence of the radial pattern of IR characteristic for Müller glia in images A and D. White arrows point to examples of Müller glial radial processes, and black
arrows point to examples of inner retinal neurons. Cell nuclei (blue) were labeled with DAPI (4,6-diamidino-2-phenylindole). Scale bar=10 µm. IPL indicates inner
plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer; GCL, ganglion cell layer.
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